The complex coupling between charge carriers and phonons is responsible for diverse phenomena in condensed matter. We apply ultrafast electron diffuse scattering to unravel these couplings in both momentum and time by following the response of semi-metallic 1T-TiSe 2 to selective photo-carrier doping. Wavevector-specific renormalization of a phonon frequency is followed by wavevector-independent electron-phonon equilibration. These results implicate strong exciton-phonon coupling and reveal the underlying mechanism driving the second order charge-density wave transition in the normal phase.
The complex coupling between charge carriers and phonons is responsible for diverse phenomena in condensed matter. We apply ultrafast electron diffuse scattering to unravel these couplings in both momentum and time by following the response of semi-metallic 1T-TiSe 2 to selective photo-carrier doping. Wavevector-specific renormalization of a phonon frequency is followed by wavevector-independent electron-phonon equilibration. These results implicate strong exciton-phonon coupling and reveal the underlying mechanism driving the second order charge-density wave transition in the normal phase.
Exotic properties and ordering transitions in quantum materials often arise due to interacting electronic and lattice degrees of freedom that compete for a non-trivial ground state. For example, the onset or suppression of superconductivity can be closely related to the existence of a charge-density wave (CDW) phase [1, 2] . Both phases can emerge due to electron-phonon coupling, but only the latter involves the breaking of a spatial symmetry. To date, the absence of experimental approaches capable of directly probing the relative strength of wavevector (or momentum)-dependent carrierlattice interactions [3] and the interplay between the electronic susceptibility (χ(q)) and phonon excitations [4, 5] has profoundly hindered progress in understanding quantum materials. Here we show that ultrafast electron diffuse scattering provides [6] [7] [8] [9] a direct window on these interactions by observing the mechanisms that drive the CDW transition in TiSe 2 from the perspective of the lattice vibrations.
A layered transition metal dichalcogenide [10] , TiSe 2 exhibits a rich phenomenology emerging from carrier-lattice interactions.
A semimetal [11] (FIG. 1 b) ), electron-hole (exciton) pairing [12, 13] is present in addition to Cooperpairing [14, 15] and CDW order [16] . A commensurate CDW phase forms below ∼ 190 K that exhibits a 2 × 2 × 2 superlattice [16, 17] point transverse phonons (see FIG. 1 c) ) over a temperature range greater than 100 K. This softening has been studied by both diffuse [18] and inelastic [19] X-ray scattering and suggests that electron-phonon coupling g q is an important quantity driving the CDW transition. Other work, however, has presented strong evidence that electronhole correlations strongly influence χ(q) and drive the CDW transition to a phase that can be understood as an exciton condensate [20] [21] [22] [23] [24] . CDW order is quenched in Cu x Ti 1−x Se 2 yielding supercon-arXiv:1912.03559v1 [cond-mat.str-el] 7 Dec 2019 ductivity [14] , suggesting a delicate dependence on carrier concentration.
In this letter, we present ultrafast electron diffuse scattering (UEDS) measurements of TiSe 2 in the normal phase. This technique provides a momentum-resolved view of phonon dynamics [9] in a pump-probe configuration with ∼100 fs time resolution [25] and allows for the separation of impulsive changes to the real part of χ(q) induced directly by photo-doping from subsequent coupling of electronic excitation energy into the phonon system. The former is observed as a strong, wavevectorspecific renormalization (stiffening) of the transverse soft-mode at the M-point, and the latter a nearly isotropic heating of phonon modes throughout the Brillouin zone (BZ). We identify no specific strongly coupled phonon modes in TiSe 2 [26] , which indicates that a highly anisotropic χ(q) and its dependence on carrier concentration is the primary driver of the lattice instability and CDW transition in TiSe 2 .
First-order thermal equilibrium diffuse scattering (TDS) intensity from low-frequency phonons can be approximated as (see SI)
where T j and ω q j are the temperature and frequency of phonon mode j. F 1 j (q,ê k j ) is the one-phonon structure factor which weights the contribution of phonon j according to the projection of the polarizationê k j onto q (see SI). An equilibrium electron scattering image of semi-metallic TiSe 2 in the normal phase is shown in FIG. 2 a) along with hexagons indicating the BZs with Bragg peaks located at the zone centers (Γ-points). Also indicated are two different M-points, one between zones 120 and 210 and another between 120 and 220, along with a K-point. Intensity line-cuts shown in FIG. 2 b) reveal a TDS peak at q = ( 3 2 , 3 2 , 0), the M-point between 120 and 210, produced primarily by a thermally occupied low-frequency transverse phonon. This peak is not observed at q = ( 3 2 , 2, 0), the M-point between 120 and 220, because F 1 j (q,ê k j ) is much smaller here (see SI), defini-tively demonstrating this to be a phonon TDS peak not a weak CDW reflection. We denote M as the M-points which exhibit a TDS peak in equilibrium and M ⊥ as those which do not.
The UEDS measurements are carried out in transmission mode at 90 keV in an RF-compressed instrument [25] . Photo-excitation of TiSe 2 at 1.55 eV drives vertical transitions at the M and L regions of the BZ [11, [27] [28] [29] , effectively photodoping additional carriers into the electron pocket at the Fermi level that runs along the M-L direction (see FIG. 1 b) ). Following this photo-excitation, we measure the non-equilibrium phonon properties and dynamics through the normalized intensity changes ∆Ī(q,t) = I(q,t)−I(q, 0)/I(q, 0) as a function of pump-probe time delay t where I(q, 0) is the equilibrium scattering pattern. Figure 2 c) shows ∆I(q,t) at t = 400 fs. Immediately evident is the anticipated reduction in Bragg peak (FIG. 2 d) ) intensities at the Γ-points from the Debye-Waller effect. In addition, however, is the striking and surprising intensity decrease found at the M -points where strong TDS signal from the transverse phonon is found. Line-cuts from 120-M-210 for various time delays (see FIG. 2 d) ) indicate that the overall negative ∆Ī(q = M ,t) lasts only for ∼ 1 ps, yet the relative suppression is even stronger than those of the neighbouring Bragg peaks (FIG. 2 d) ). This quasi-impulsive suppression of diffuse intensity at M -points is followed by a rise in intensity throughout the BZ which remains approximately constant for time-delays longer than 5 ps. The dynamics at Γ = 120, 210 exhibit different behavior, continuing to decrease beyond 1 ps as expected from overall increasing the Debye-Waller factor from lattice heating and phonon anharmonic decay processes [7] .
We investigate the results further comparing their complete time-dependence at various points in the BZ. Figure 3 a) shows UEDS intensity dynamics at the M-, K-, and Γ-points shown in FIG. 2 a) . The Γ = 110-point exhibits a bi-exponential dependence involving a 833 ± 188 fs component and a 2.09 ± 1.08 ps component. This time-scale is in agreement with the diffuse intensity dynamics measured at M ⊥ and K also shown in FIG. 3 a) and describes the average increase in the mean-square vi- Inspection of Eqn. (1) indicates that a decreasing I 1 (q = M ) could arise from either a reduction in T j (cooling of phonons j) or an increase in frequency ω M, j . Given the data shown in FIG. 2 and FIG. 3 we argue in favor of the latter. Firstly, photo-excitation at 1.55 eV drives direct/vertical transitions and creates an impulsive free-carrier density. This deposits significant electronic energy (0.1 eV per unit cell) into the material, so the impulsive cooling of specific phonons can be ruled out. Furthermore, the frequency of the transverse soft-mode (ω T ) at equilibrium increases with temperature [18] . ω T depends on the electronic susceptibility (χ(q)) [5, 19] which must be directly changed by photo-excitation [23] .
The renormalized phonon frequency is ω 2
where ω q0 is the bare (hightemperature) frequency [5] . χ(q) describes the linear response of conduction electrons to a lattice potential φ (q) via ρ i (q) = χ(q)φ (q), where ρ i (q) is an induced charge density. χ(q) describes the microscopic dielectric screening of the lattice ions by carriers. We therefore expect an impulsive renormalization component of the UEDS intensity at M . To extract this component we subtract the increasing phonon occupancy contribution by taking an M ⊥ at q = (0, 5 2 , 0), which has a nearly identical |q| (see SI). The resulting data represents a renormalization factor, (∆ω T /ω T ) 2 (FIG. 3 b) ) depicts a resolution-limited (130 fs) phonon stiffening followed by a 629 ± 247 fs softening. The magnitude of the re-normalization factor at M behaves roughly-linearly with fluence, with a slope of ∼0.4%/(mJ/cm 2 ) as shown FIG. 3 d) . At 4 mJ/cm 2 (data in FIG. 3) we estimate a photo-carrier density of ∼ 1 × 10 21 cm −3 , corresponding to roughly 6% excited unit-cells.
Our measurements reveal that photodoping free carriers into the electron-pocket selectively 'decou- ples' the ω T phonon mode, stiffening the vibration, i.e., ω T is directly correlated with free carrier density. However, in striking contrast to graphite [7] where the phonon modes that exhibit Kohn anomalies are also those into which electronic excitation energy flows rapidly due to a strongly enhanced g q . In TiSe 2 , there is no evidence of such anisotropy. In particular, no specifically strongly coupled phonon modes from the perspective of the rate at which energy is transferred between free carriers and phonons were observed. The soft phonon at the Mpoint does not exhibit an enhanced g q and is not strongly coupled to free carriers in this sense. This picture is in excellent agreement with time-and angle resolved photo-electron spectroscopy measurements (tr-ARPES) of semi-metallic TiSe 2 [23] . These studies observed that photocarrier doping at the Γ-point leads to an impulsive modification of the photo-emission signal at the M-point that is interpreted as being due to a disruption of excitonic correlations by excess free carriers. The impulsive renormalization of the M-point phonon frequency observed here would seem to be the same phenomena observed from the perspective of the lattice vibrations. These tr-ARPES studies also determine the lifetime of the photodoped carriers in the electron pocket at the M-point which is shown in FIG. 3 c) .
These observations together leave strong excitonphonon coupling as the interaction that softens the phonon and drives the CDW transition at lower temperature. In the excitonic insulator picture, an anisotropic and large χ(q) is a necessary prerequisite for the CDW transition. These features facilitate charge localization through electron-hole correlations as temperature is reduced, leading to screening of the transverse phonon at specific wavevectors. The observations described here suggest that the photodoped free-carriers suppress electron-hole correlations, selectively reducing χ(q) at specific wavevectors (M and L). We are able to 'read-out' these modulations in the susceptibility through their anisotropic re-normalization of phonon frequencies, specifically phonon stiffening at wavevectors where changes in χ(q) are substantial. This is also consistent with an understanding of the temperaturedependent softening of this phonon over 100 K in the normal phase [18] as primarily due free carrier screening of excitonic correlations.
In conclusion, we have demonstrated that UEDS is capable of separating distinct contributions to momentum-dependent electron-phonon coupling in complex materials. Dielectric screening was found to be the dominant factor in determining the frequency of the soft phonon involved in the CDW transition in TiSe 2 . A highly anisotropic electronic susceptibility in conjunction with intrinsic electron-hole correlations are found to be the dominant factors leading to the CDW phase. Our mea-surements also demonstrate that the wavevectordependent electron-phonon coupling vertex is relatively isotropic in the Brillouin zone of TiSe 2 and establish that UEDS is capable of probing fundamental mechanisms involved the formation of CDW phases well above their transition temperature. 
